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Abstract

The metabolism of the naturally occurring polyamines—putrescine, spermidine and spermine—is a highly integrated system involving

biosynthesis, uptake, degradation and interconversion. Metabolic differences in polyamine metabolism have long been considered to be a

potential target to arrest proliferative processes ranging from cancer to microbial and parasitic diseases. Despite the early success of

polyamine inhibitors such as alpha-difluoromethylornithine (DFMO) in treating the latter stages of African sleeping sickness, in which the

central nervous system is affected, they proved to be ineffective in checking other major diseases caused by parasitic protozoa, such as

Chagas’ disease, leishmaniasis or malaria. In the use and design of new polyamine-based inhibitors, account must be taken of the presence of

up-regulated polyamine transporters in the plasma membrane of the infectious agent that are able to circumvent the effect of the drug by

providing the parasite with polyamines from the host. This review contains information on the polyamine requirements and molecular,

biochemical and genetic characterization of different transport mechanisms in the parasitic agents responsible for a number of the deadly

diseases that afflict underdeveloped and developing countries.
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1. Introduction

Tropical diseases caused by parasitic protozoa are among

humanity’s costliest banes both for the high mortality rates

involved and the economic loss resulting from morbidity.

Malaria, African and American trypanosomiasis and leish-

maniasis, among others, are diseases that have an enormous

impact on global health. Every year, the etiological agents

involved infect several hundred million people and take

millions of lives. The social and economic costs of these

diseases are also very high. The social consequences of

tropical diseases impede development in various ways,

lowering fertility rates, population growth, savings and

investment and productivity and raising absenteeism,

premature mortality and medical costs. The factors con-

tributing to the growth in the incidence of tropical diseases

include the appearance of drug resistant strains of parasites,

insecticide-resistant vectors, global warming, growing pop-

ulations in underdeveloped and developing endemic coun-

tries and travel to these countries. The effects of tropical

diseases now threaten developed countries as opportunistic

infections in immuno-compromised patients, increasing the

mortality rate of AIDS.
2. bDe novoQ polyamine synthesis

Polyamine metabolism (Fig. 1) was one of the promising

pathways explored in the early eighties to combat several

diseases, including illness caused by unicellular parasites

(Bacchi et al., 1980). Polyamines—putrescine, spermidine

and spermine—are naturally occurring polycationic biomo-

lecules, essential for cellular growth and proliferation in all

living organisms (see reviews by: Muller et al., 2001;

Bacchi and Yarlett, 2002; Heby et al., 2003; Wallace et al.,

2003). Under physiological conditions, the role of poly-

amines is attributed, in both parasite and host, to the readily

protonated amino/imino groups to which they owe their

cationic strength at intracellular pH. This property enables

polyamines to interact spontaneously with long anionic

macromolecules, such as nucleic acids, proteins and lipids.

Many cellular processes are polyamine-dependent. Intra-

cellular polyamine levels are known to peak during cell

proliferation in tumoral or infectious processes, and are a

key target in chemotherapeutic processes.

All vertebrates, lower eukaryotes including fungi and

most protozoa synthesize polyamines de novo from two

amino acid precursors: l-ornithine and l-methionine.

Putrescine (1,4-diaminobutane) is enzymatically synthe-
sized from l-ornithine by ornithine decarboxylase (ODC),

a developmentally regulated enzyme. Spermidine synthesis,

in turn, involves condensation of putrescine with the

aminopropyl moiety of decarboxy-S-adenosylmethionine,

in a reaction mediated by the enzyme spermidine synthase

in the absence of ATP. In mammals, spermidine is

condensed with a second aminopropyl group by the enzyme

spermine synthase to produce spermine. Polyamine levels as

well as the activity of their biosynthetic enzymes ODC and

S-adenosyl methionine decarboxylase (SAMDC) have been

found to increase during rapid growth. Therefore, poly-

amine biosynthesis is a potential biochemical target in the

development of anti-parasitic drugs. Many in vivo trials

have been conducted with polyamine antimetabolites, the

most important of which is a-difluoromethylornithine

(DFMO), an irreversible inhibitor of ODC and the first

antitrypanosomal compound to be included in the pharma-

copoeia for forty years (for a clinical review, see Burri and

Brun, 2003).

ODC (EC 4.1.1.17) is the enzyme responsible for

putrescine synthesis from l-ornithine. It has been cloned

from many sources, including T. brucei (Phillips et al.,

1987), L. donovani (Hanson et al., 1992) and C. fasciculate

(Svensson et al., 1997). T. brucei and Leishmania spp.

ODCs have a long half-life (more than 6 h), unlike the host

protein (less than 30 min) (Phillips et al., 1987; Sánchez et

al., 1989; Reguera et al., 1995). A long ODC half-life seems

to be one of the requisites for DFMO-sensitivity in parasites

(Carrillo et al., 2000). Indeed, thanks to this specific feature,

while it is impossible for the parasite to replace the ODC

targeted by DFMO, the enzyme can be readily replaced in

the host. The carboxy-terminal region of mammalian ODC

is crucial to rapid protein turnover. The absence of two

PEST motifs responsible for ODC interaction with its

antizyme, and the degradation by proteosomes in T. brucei,

are plausible reasons for this long half-life (Ghoda et al.,

1990). However, the existence of a short half-life ODC in C.

fasciculata, which also lacks the above domain, indicates

that other motifs on the protein may be involved in ODC

degradation and turnover (Ceriani et al., 1992; Svensson et

al., 1997). Moreover, the fact that no ODC antizyme (AZ;

see below) has been found in any protozoan or nematode

worm suggests the mediation of an alternative AZ-inde-

pendent system in the degradation of the enzyme (Persson et

al., 2004).

Unlike most trypanosomatids, T. cruzi, the etiological

agent of Chagas’ disease in South America, is naturally

auxotrophic for putrescine, as it lacks the gene encoding for

ODC (Carrillo et al., 1999). This makes T. cruzi dependent
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upon arginine and polyamine uptake for growth and

survival, rendering DFMO useless in the treatment of this

disease (Schwarcz de Tarlovsky, 1993). Some authors have

suggested that putrescine biosynthesis is dependent on the

decarboxylation of l-arginine via arginine decarboxylase

(ADC) with the conversion of arginine to agmatine, which is

further metabolized to putrescine and spermidine (Hernán-

dez and Schwarcz de Tarlowsky, 1999). These results
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Fig. 1. Schematic representation of polyamine and thiol-redox metabolism in differ
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Fig. 1 (continued).
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entails depletion of the arginine needed by activated macro-

phages to generate nitric oxide (NO) in a reactionmediated by

nitric oxide synthase (NOSII) (Pereira et al., 1999; Munder et

al., 1998). Finally trypanosomal ADC may afford protection

against apoptotic death. Unfortunately no evidence of the

presence of genes encoding these enzymes in the T. cruzi

genome has yet been reported (Carrillo et al., 2003).

As mentioned above, l-methionine is the second amino

acid precursor in polyamine metabolism. Methionine must

be activated to S-adenosylmethionine (AdoMet) to take part

in this pathway (Pérez-Pertejo et al., 2003). AdoMet is an

intermediary metabolite involved in many trans-methyla-

tion reactions, and also participates in the trans-sulfuration

pathway to cysteine, one of the three amino acids included

in trypanothione, a glutathione-like antioxidant molecule in

trypanosomatids. The role played by AdoMet in these three

important pathways is related to the presence of the high

energy sulfonium ion, which activates each of the attached
carbons via nucleophilic attack. In trans-methylation

reactions, the methyl group on the AdoMet molecule is

yielded to a wide variety of acceptor substrates including

DNA, phospholipids and proteins. S-Adenosylhomocys-

teine (AdoHcy) is the major by-product of these reactions.

AdoHcy is a powerful competitive inhibitor of trans-

methylation reactions; any decline in the AdoMet/AdoHcy

ratio, whether as a result of an increase in AdoHcy levels or

a decrease in AdoMet levels, is known to inhibit trans-

methylation reactions. For this reason, cells try to maintain

low levels of AdoHcy, for which purpose the removal of

AdoHcy is essential. In trans-sulfuration reactions, the

sulfur atom in the AdoMet molecule is converted—via a

series of consecutive enzymatic reactions—to cysteine, a

proteinogenetic amino acid, and glutathione. In Trypanoso-

matids (but not in Plasmodium) most of the glutathione is

conjugated with spermidine to form the kinetoplastid-

specific antioxidant trypanothione (N1,N8-bis(glutathionyl)-



R.M. Reguera et al. / Comparative Biochemistry and Physiology, Part C 140 (2005) 151–164 155
spermidine), which accounts for about 70% of total

glutathione. Trypanothione and trypanothione-dependent

enzymes replace glutathione and glutathione-dependent

enzymes present in a variety of prokaryotic and eukaryotic

cells. The trypanothione system plays a vital role in

Trypanosomatid cellular metabolism, in particular with

respect to the intracellular redox balance and protection

from the oxidative damage caused by free radicals and

peroxides (for a recent review see: Muller et al. (2003).

AdoMet synthesis is a promising target for the treatment

of disease caused by parasitic protozoa (Reguera et al.,

2002). Several authors have sustained that AdoMet is an

important metabolite in Trypanosomatids on the grounds of

results obtained with the AdoMet-resembling antibiotic

sinefungin (Neal et al., 1989; Phelouzat et al., 1993).

Furthermore, long-term exposure of African trypanosomes

to DFMO leads to a massive intracellular build-up of

AdoMet and potential hypermethylation (Byers et al., 1991),

causing cell death in the parasite, although this mechanism

does not appear to be present in other parasites (Pérez-

Pertejo et al., 2004).

AdoMet must be decarboxylated prior to involvement in

polyamine metabolism. Putrescine-activated SAMDC (EC

4.1.1.50), a heterotetrameric self-cleaved enzyme with a

pyruvoil group on its active site, has been cloned in

Leishmania spp. (Roberts et al., 2002a) and T. cruzi (Kinch

et al., 1999; Persson et al., 1998). Contrary to the experience

with African and American trypanosomes, all attempts to

measure leishmanial SAMDC have failed, raising doubts

about its function in these microorganisms (Clyne et al.,

2002; Tekwani et al., 1992). Double targeted gene replace-

ment of the SAMDC gene recently revealed that this protein

is absolutely requisite to cell growth in the absence of

spermidine in L. donovani (Roberts et al., 2002a), ruling out

any hypothetical auxotrophy for spermidine in these para-

sites. However, this enzyme seems to be absent in Tricho-

monas vaginalis, the agent causing human trichomoniasis,

which is truly auxotrophic for spermidine (North et al., 1986).

The ODC and SAMDC activities in the malarial parasite

Plasmodium falciparum have long been successfully

assayed. Nonetheless, the genes encoding for the two

activities were not identified until the RD Walter group at

the Bernard-Koch Institute (Hamburg) reported the surpris-

ing finding that a single protein bears both ODC and

SAMDC activities in a heterotetrameric form (Muller et al.,

2000; Krause et al., 2000). This molecule coelutes with and

forms a part of a 330 kDa protein that differs from the host

counterpart in its response to putrescine. The N-terminal

region of the newly synthesized protein contains a SAMDC

proenzyme, which self-cleaves to produce an active enzyme

with a catalytically essential pyruvoil residue at the new N-

terminus. Since site-directed mutagenesis shows no

domain–domain interactions between the two enzymes of

the bifunctional Plasmodium ODC/SAMDC protein, it may

be concluded that the two enzyme activities are independent

of one another (Wrenger et al., 2001).
The condensation of one aminopropyl group to putres-

cine by spermidine synthase (Roberts et al., 2001) is the last

enzyme-mediated step in polyamine biosynthesis by trypa-

nosomatids. This enzyme has not been identified in

Trichomonas (Yarlett and Bacchi, 1988), reinforcing the

hypothesis of auxotrophy for spermidine. Unlike spermine

synthase in mammalian hosts, the enzyme that transfers a

second aminopropyl group to spermidine has not been

identified in trypanosomatidae. Stage-dependent spermine

pools have nonetheless been described in connection with

intraerythrocytic growth in Plasmodium (Singh et al., 1997).

Although biochemical research relating to polyamine

synthesis in parasites still remains open, few alternative

routes or interconversion pathways have been described.

Roberts et al., (2002b) cloned an agmatinase (agmatine

ureohydrolase) gene from L. mexicana, which might explain

why this amine is able to rescue arginase-null mutants

(Reguera et al., personal communication), although the

metabolic relevance is unclear because ADC (the only

source of agmatine) is absent in the Leishmania genome.

The polyamine metabolism of the urogenital parasite T.

vaginalis, in turn, differs significantly from other eukaryotes

in several aspects. Spermine from the mammalian cell is

taken up by the parasite and back-converted to spermidine,

via a spermidine/spermine N1-acetyltransferase (SSAT)/

polyamine oxidase (PAO) compartmentalized coupled path-

way. Cytosolic SSAT catalyses the transfer of an acetyl

group from acetyl-CoA to a terminal aminopropyl nitrogen

of spermine or spermidine to form N1-acetyl spermine or

N1-acetyl spermidine, respectively. Finally, these are metab-

olized to spermidine and putrescine by hydrogenosomal

polyamine oxidases (Yarlett et al., 2000).
3. Polyamine transport systems

Polyamines are protonated molecules carrying positive

charges on each nitrogen atom at physiological or cellular

pH. Many authors have compared these molecules to Ca2+

or Mg2+, but they differ from such cations in the

homogeneous distribution of the charge along the carbon

chain (Seiler et al., 1996; Wallace et al., 2003). This rules

out the possibility of passive sequestration by any cellular

system. For that reason many researchers in the last decade

have focused their efforts on the quest for polyamine

carriers. Despite these efforts, polyamine transporters have

only been cloned in bacteria and yeast.

3.1. Polyamine carriers in bacteria and yeast

Bacteria use two systems for polyamine uptake, a

putrescine-specific system and a spermidine-preferential

system (revised by Igarashi and Kashigawi, 1999, 2001).

Both are ABC (ATP Binding Cassette) transporters,

consisting of a substrate-binding protein in the periplasm,

two channel-forming proteins (porins) and an inner-plasma
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membrane side protein with ATPase activity to supply

energy (Fig. 2A). The operon for the putrescine-specific

transporter is mapped at 19 min on the Escherichia coli

chromosome and comprises four genes encoding, respec-

tively, for a substrate-binding protein (PotF), two porins

(PotH and PotI) and an ATPase (PotG). The spermidine-

preferential system, in turn, mapped at 26 min on the E.

coli chromosome, contains a spermidine-binding protein

(PotD), two porins (PotB and PotC) and the ATPase-

encoding gene (PotA). The PotD in the spermidine-

preferential system can bind both spermidine and putres-

cine, although its affinity for the latter is ten-fold lower. By

contrast, the PotF in the putrescine-specific system does

not recognize spermidine at all.

A third polyamine transport system has been described in

some species of bacteria. The PotE protein encoded by the

potE gene, together with speF (a gene encoding inducible

ODC), constitute an operon in E. coli (Kashiwagi et al.,

2000). The PotE transporter catalyzes the influx and efflux

of putrescine and, as in other similar systems in bacteria

(lysine/cadaverine, arginine/agmatine), can work as an

antiporter system to exchange putrescine for its amino acid

precursor ornithine.

In yeast a Transporter for Polyamines 1 (TPO1) gene

encodes for a transmembrane protein, reminiscent in some

ways of the PotE protein in bacteria (Tomitori et al., 2001;

McNemar et al., 2001). The protein encoded by this gene
Orn
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has a long serine- and threonine-rich N-terminus domain,

indicative of a post-translational regulatory mechanism

mediated by serine or threonine kinases (Kakinuma et al.,

1995). Four putative polyamine transporters, Tpo1p–Tpo4p,

are found in the vacuolar membrane system to compartmen-

talize spermidine and spermine into vacuoles, inasmuch as

free cytosolic polyamines are toxic for yeast (Tomitori et al.,

1999). The carriers encoded by TPO2 and TPO3 are

specific for spermine, whereas the transporters encoded by

TPO1 and TPO4 recognize spermidine and spermine both:

all are members of a family of multidrug-resistant carriers.

Characterization studies of a TPO1 deletion mutant have

shown that Tpo1p is a spermidine exporter when cells are

stressed with high spermidine concentrations (Albertsen et

al., 2003).

3.2. Polyamine transport in mammalian cells

Polyamine transport mechanisms in mammals, unlike

their counterparts in yeast and bacteria, are poorly charac-

terized at the molecular level. Polyamine transport, uptake

and efflux are net energy-consuming and saturable pro-

cesses that can transport polyamines against significant

concentration gradients, which suggests the existence of

carrier-mediated mechanisms (see reviews: Seiler and

Dezeure (1990); Khan et al. (1991); Grillo and Colombatto

(1994); Seiler et al. (1996)).
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Separate transporters for putrescine on the one hand and

spermidine and spermine on the other have been identified

in mammalian cells. Uptake and excretion are catalyzed by

one and the same polyamine transporter (Sakata et al.,

2000). A similar reversal of roles has also been observed in

E. coli PotE, which catalyses both the uptake and excretion

of putrescine (Kashiwagi et al., 1997). In animal cells,

excess polyamines are metabolized to acetyl derivatives,

which are better substrates for excretion than the polyamines

themselves, although polyamines are better substrates for

uptake than acetylpolyamines (Seiler, 1987).

Polyamine transport is fully integrated into the regulatory

system controlling polyamines in mammalian cells. As a

general rule, factors increasing polyamine formation

enhance their uptake from the extracellular environment,

and conversely, situations where there is an excessive build-

up of intracellular polyamines favor their removal. Several

proteins involved in polyamine transport regulation fine-

tune polyamine levels in the cell. The ODC-antizyme (AZ)

is a small polyamine-induced protein that plays a role in

ODC inhibition by forming an AZ–ODC complex. This

complex is rapidly degraded by the 26 S proteasome in an

ubiquitin-independent system (Murakami et al., 1992).

Furthermore, AZ has been found to negatively regulate

polyamine transport. The C-terminal half of AZ (residues

121–227) is sufficient to bind ODC (Ichiba et al. 1994; Li

and Coffino, 1994) and inhibit polyamine transport (Sakata

et al., 1997). The AZ protein is fairly labile and the content

of this molecule in the cell is subject to positive regulation

by polyamines through a ribosomal frameshift mechanism

(Ivanov et al., 2000), negative regulation by an antizyme

inhibitor protein (an ODC-resembling protein which lacks

ODC activity) and post-translational proteolytic modifica-

tions (Murakami et al., 1996).

The excretion of polyamines is likewise a carrier-

mediated process. Two systems seem to be involved in the

diamine/polyamine efflux: a diamine exporter (AZ-inde-

pendent process) which might be involved in the excretion

of putrescine and N-acetylpolyamines (Xie et al., 1997); and

the AZ-regulated polyamine transporter involved in the

excretion of spermidine and spermine.

Recent studies indicate that agmatine, a biogenic amine

that links the polyamine biosynthesis pathway and the

generation of nitric oxide, can induce AZ, with the

concomitant suppression of polyamine biosynthesis and

transport (Satriano et al., 2001). This mechanism does not

seem to be universal, however, because in other cell lines

agmatine induces SSAT and inhibits ODC activity and

inward polyamine transport without AZ involvement

(Vargiu et al., 1999).
4. Polyamine uptake in parasites

As mentioned above, polyamines are synthesized bde
novoQ by most parasitic eukaryotes (with the exception of T.
cruzi). Synthesis rates seem to replenish intracellular poly-

amine pools for optimal growth rates, and to adapt cells to

needs. However, although bde novoQ synthesis is the major

source of polyamines, transport in and out of the cell also

contributes to polyamine homoeostasis (Wallace, 1996).

Membrane transporters can draw these compounds from the

extracellular surroundings, i.e. blood or parasitoforous

vacuoles. These uptake systems have been described in

protozoan parasites at the biochemical level but their

molecular characterization and cellular regulation are far

from being understood.

The first evidence of an influx system for polyamines in

parasites was reported by Kaur et al. (1986), who showed

the effect of exogenous putrescine on leishmanial cells

exposed to DFMO. Balaña-Fouce et al. (1989) provided the

first description of an uptake system for protozoan parasites

in L. infantum promastigotes. These authors showed that

this organism is able to take up putrescine by a saturable,

concentration- and energy-dependent, specific carrier not

shared by higher polyamines, i.e. spermidine and spermine,

other analogous polyamine such as MGBG, or basic amino

acids. These results were conclusively confirmed in L.

donovani, the etiological agent of visceral leishmaniasis, in

which a second polyamine carrier was described, in this case

for spermidine (Kandpal and Tekwani, 1997). The influx of

this latter polyamine was found to be over seven times more

effective than the uptake of putrescine, a diamine found not

to share this mechanism, unlike spermine, which was

observed to significantly inhibit spermidine uptake. Sper-

mine, in turn, was not taken up at all by the putrescine

transport system, and only moderately by the spermidine

carrier. These findings were also observed in L. mexicana

promastigotes (González and Algranati, 1994) and C.

fasciculata parasites (Calonge et al., 1996a). In all these

cases, putrescine uptake was specific and only scantly

inhibited by spermidine, spermine and a number of variable

length diamines. A common feature in all the polyamine

transporters described for parasites to date is their depend-

ence on the protonmotive force to take up the substrate. The

fact that sodium ionophores, uncoupling agents and

sulfhydryl group reagents were found to significantly inhibit

polyamine influx in all the parasites studied suggests that

the mechanism involved is coupled to a sodium electro-

chemical gradient (Balaña-Fouce et al., 1989; Kandpal and

Tekwani, 1997).

The amastigote forms of Leishmania spp. and T. cruzi

are intracellular parasites that invade and replicate within

host macrophages. Whilst leishmanial cells have all the

polyamine biosynthetic machinery, T cruzi is a putrescine

auxotroph and dependent therefore on the host polyamine

content—in the macrophage parasitoforous vacuoles in the

amastigote stage (González et al., 1992) and in the mosquito

gut in the epimastigote stage (Hunter et al., 1994). Early

reports indicated that T. cruzi epimastigotes expressed a

diamine putrescine/cadaverine influx system 10–50 times

more efficient than the mechanism found in other trypano-
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somatids (i.e. Leishmania or Crithidia) (González et al.,

1992). Putrescine and cadaverine were both observed to be

taken up by these epimastigotes, although 20- to 50-fold

more cadaverine than putrescine was found to accumulate

(Bacchi et al., 2001). Le Quesne and Fairlamb (1996)

described at least two diamine/polyamine transporters with

different affinities for putrescine and spermidine. Cell death

produced by free radicals accumulation is the main

consequence of trypanothione depletion induced by poly-

amine auxotrophy. Free glutathione, glutathionylspermidine

and trypanothione are readily recovered in polyamine-

supplemented cultures of T. cruzi epimastigotes after

starvation (Ariyanayagam and Fairlamb, 1997).

It has long been known that after malaria infection the

basic membrane transport properties of the parasitized

erythrocyte are substantially altered. New permeation

pathways appear in the infected cell whose properties are

quite unlike those of any of the endogenous red cell

systems (see review by Kirk (2001)). The bde novoQ
polyamine biosynthetic pathway is lacking in normal

erythrocytes and only traces of spermidine and spermine

are detectable (Assaraf et al., 1984). The dependence of

polyamine uptake in red blood cells on the extracellular

polyamine content is indicative of a diffusive process

(Moulinoux et al., 1984). A carrier-mediated diffusive

mixed process driven by a favorable concentration gradient

has been reported for putrescine and spermidine in human

erythrocytes (Fukumoto and Byus, 1996), however. The

intra-erythrocytic schizogonous forms (trophozoites, ring

forms and schizonts) of P. knowlesi-infected erythrocytes

(the etiological agent of monkey’s malaria) overexpress the

putrescine transport system. The influx of the polyamine

putrescine, although not spermidine or spermine, increases

in parasitized erythrocytes via a saturable pathway in which

the Km is similar to the value for the putrescine transporter

in normal erythrocytes but with a Vmax some threefold

higher than in uninfected cells (Singh et al., 1997). Some

authors have suggested that choline and putrescine share

the same carrier (both are cations at physiological pH) and

that the rise in the transport rate of the two substrates may

be attributed to the increased activity of a single class of

carrier (Kirk, 2001).

Unlike other trypanosomatids, Trichomonas lacks

SAMDC activity, although ODC has been successfully

assayed, and putrescine levels are high, thus proving that

this parasite is auxotrophic for spermidine. T. vaginalis

parasitizes an area rich in polyamines, producing and

excreting large amounts of putrescine via an energy-

generating arginine dihydrolase pathway (Yarlett et al.,

2000). Where large amounts of spermine are present,

putrescine must be readily effluxed to the vaginal fluid.

This parasite has developed a putrescine/spermine antiporter

mechanism resembling the PotE system described in

bacteria, which selectively transports 1 mol spermine into

the cell while exporting 2 mol putrescine, effectively

balancing the counterion charge (Yarlett and Bacchi,
1994). This spermine serves as a substrate for SSAT and

polyamine oxidase, respectively forming N1-acetylspermine

and spermidine (Yarlett et al., 2000).

The molecular characterization of polyamine transporters

in protozoa is a field open to research. No gene with this

putative function has been included in any of the major

genome databases to date. However, the B. Ullman group

(Oregon Health and Science University, USA) has reported

the existence of a gene in L. major encoding a polyamine

transporter (LmPOT1). LmPOT1 is a single gene located on

chromosome 14 with 11 transmembrane domains. When

functionally expressed in Xenopus laevis oocytes, the

protein showed a high affinity for putrescine and spermi-

dine. Moreover, pentamidine (an antiparasitic drug) was

able to block this process (see below) (Hasne and Ullman,

2005).
5. Regulation of polyamine uptake

The spermidine-preferential uptake operon is transcrip-

tionally regulated in bacteria by the PotD protein, synthe-

sized as a precursor that down-regulates the expression of

polyamine transporters (Antognoni et al., 1999). Eukaryotic

cells seem to regulate polyamine uptake at the post-

transcriptional level. Yeast Tpo1 transporters contain a long,

serine- and threonine-rich hydrophilic N-terminal extension

suitable for up-regulation by serine/theronine protein

kinases (Kakinuma et al., 1995). Mammalian cells can

down-regulate polyamine transport by AZ, which not only

arrests polyamine uptake but also stimulates excretion of

these metabolites (Sakata et al., 1997).

None of these mechanisms have yet been described in

protozoa (Hua et al., 1995). However, insofar as genomic

material is only expressed at the post-transcriptional level,

the mechanisms involved are more likely to be similar to

yeast or mammalian rather than prokaryotic systems

(Teixeira and DaRocha, 2003).

A distinction should be drawn between developmental

regulation (including stage in the life cycle and prolifer-

ative status) and metabolic adaptation to environmental

changes. Digenetic protozoa, such as Leishmania and T.

cruzi, can adapt the polyamine uptake to the environmental

circumstances prevailing in their different life stages.

Basselin et al. (2000) showed that promastigotes and

amastigotes express different polyamine uptake systems

depending on the extracellular pH. The amastigote trans-

porter operates optimally at pH 5.5, whereas the promas-

tigote transporter is more effective at pH 7.4, thus

supporting the hypothesis of different polyamine trans-

porters at different stages in the parasite’s life cycle. T.

cruzi must adapt its diamine uptake when it invades host

cells with a polyamine concentration significantly higher

than in the serum. Overall, epimastigotes, trypomastigotes

and amastigotes are similar in their abilities to assimilate

diamines and polyamines, with higher build-ups of
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spermidine and cadaverine than putrescine (Bacchi et al.,

2001). Surprisingly these authors found a low but

detectable stage-dependent influx of spermine during the

epimastigote and amastigote stages of the life cycle.

Both L. infantum and C. fasciculata modulate the

expression of their transporters in keeping with their

proliferative status (Balaña-Fouce et al., 1991b; Calonge

et al., 1996b). In synchronized cultures of both species,

polyamine transport peaked in the early log phase, to drop

sharply to nearly undetectable values during the stationary

phase. Such changes were also found by Le Quesne and

Fairlamb (1996) in T. cruzi epimastigotes, where a

substantial 10-fold rise in putrescine transport Vmax in the

mid-exponential phase was observed along with no signifi-

cant changes in the affinity constant, suggesting bde novoQ
carrier synthesis. Furthermore, this change in the uptake rate

of putrescine was due to a highly inducible protein

transporter, whose half-life in the presence of protein

synthesis inhibitors (i.e., actinomycin D and cycloheximide)

was estimated to be 18 h, considerably higher than the value

calculated by Kaouass et al. (1998) for yeast (10–15 min).

Both ODC activity and polyamine uptake appear to be

controlled by the intracellular concentration of polyamines.

The depletion of intracellular polyamines by DFMO

enhances uptake rates. Conversely, ODC-overexpressing

cells are able to down-regulate polyamine influx to non-

toxic rates. The same scenario can be found in eukaryotic

parasites. Drug-depletion of intracellular putrescine pools or

an excess of polyamines in the medium can regulate carrier

expression. Administering DFMO to L. infantum promas-

tigotes produces a steep and effective decline in intracellular

putrescine pools, originating a rapid rise of putrescine

uptake, estimated to increase by over ten-fold (Balaña-

Fouce et al., 1991b). Since such induction modifies the Vmax

of the transporter but not the Km and it can be inhibited by

cycloheximide, the process would appear to involve new

carrier synthesis. Furthermore, the exogenous addition of

putrescine leads to down-regulation of the inward transport

of this diamine, a development related to the replenishment

of intracellular putrescine and spermidine pools (Calonge et

al., 1996a).

The up-regulation of polyamine transport is of max-

imum relevance to the polyamine-based therapy of para-

sitic disease. DFMO is cytostatic rather than cytotoxic and

the death of invading parasites mediated by this drug is

not due solely to ODC inhibition, but to other biochem-

ical and immunological processes (Fairlamb et al., 1987).

In fact, the cytostatic effect caused by DFMO can be

circumvented by exogenous putrescine, making this the

step where the induction of polyamine transport plays an

important role in chemotherapy. Up-regulation of poly-

amine import would explain the effectiveness of DFMO

against refractory SNC sleeping sickness caused by

bloodstream trypanosomatids viz T. brucei gambiense or

T. brucei brucei, and the scant success of this compound

in combating intracellular parasites such as Leishmania
spp. or Plasmodium spp. African trypanosomes treated

with DFMO need exogenous putrescine or spermidine to

grow. Host blood is a poor source of polyamines (Loser et

al., 1990) and the polyamine transporter is scarce and

non-inducible in these parasites (Bacchi and Yarlett, 1993;

González et al., 1992).

T. cruzi and Trichomonas parasites are of particular

interest in this regard. Putrescine transport is not up-

regulated by DFMO in these microorganisms as it is in

other protozoa. Since T. cruzi lacks ODC it is not vulnerable

to putrescine depletion by DFMO (González et al., 1992)

and Trichomonas, in turn, has a spermine/putrescine

antiporter which is neither up- nor down-regulated. No

changes are observed in antiporter expression in DFMO-

treated Trichomonas cultures (Yarlett and Bacchi, 1994).

Polyamine requirements for the normal proliferation of

trypanosomatids can be met by spermidine alone, probably

due to its unique role as substrate for trypanothione

synthesis (González et al., 2001). Double replacement

techniques recently applied to generate null mutants in

polyamine biosynthetic enzymes have shown the impor-

tance of polyamine uptake in rescuing putrescine and

spermidine auxotrophy in genetically-modified parasites.

The Dodc-knockout strain of L. donovani, lacking both

ODC alleles, was auxotrophic for polyamines. The condi-

tionally lethal Dodc mutant could survive if supplemented

with either putrescine or spermidine, but not with spermine

(Jiang et al., 1999). Similar results have been reported for T.

brucei, where the permanent auxotrophy of null-mutants

had to be remedied with polyamines (thus suggesting the

presence of a polyamine transporter in this parasite). Null-

ODC mutants grown in a spermidine-supplemented medium

exhibited a steep reduction in intracellular putrescine;

supporting the assertion that spermidine is necessary and

sufficient to satisfy the parasite’s polyamine requirements

(Li et al., 1996). This ODC-deficient strain was unable to

multiply in mice and was quickly eliminated from the blood

because of the low levels of serum polyamines. Nonethe-

less, infected mice proved to be immuno-protected from

new exposures to wild-type T. brucei of the same serotype

(Mutomba et al.,1999).

Leishmania null-mutants in spermidine synthesis,

Dadometdc (Roberts et al., 2002b) and Dspds (Roberts et

al., 2001) mutants were likewise unable to grow in

polyamine-deficient media. The resulting parasites were

auxotrophic for spermidine, a requirement that could only

be filled by adding exogenous spermidine to the culture

medium; putrescine, spermine and other polyamines were

ineffective in this respect.

Roberts et al. (2004) recently generated an arginase null-

mutant of L. mexicana, Darg; arginase is the enzyme that

mediates in the transformation of arginine to ornithine and

subsequently to polyamines in trypanosomatids. DArg is

auxotrophic for ornithine as well as for putrescine and

spermidine. And yet no differences were found in the

virulence of the mutant and wild-type strains, thus showing
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the importance of extracellular polyamines for rescuing the

original infectiveness of these parasites (Reguera et al.

personal communication).
6. Inhibition of polyamine uptake

The earliest studies of polyamine uptake inhibition in

parasites were conducted on aromatic diamidines (pentam-

idine, berenil, CGP40215 and others) (Balaña-Fouce et al.,

1989; Reguera et al., 1994; Calonge et al., 1996b;

Mukhopadhyay et al., 1996). These compounds are consid-

ered to be pleiotropic, not only inhibiting polyamine and

arginine uptake non-competitively (Kandpal et al., 1995,

1996), but displacing spermidine from nucleic acids

(Johnson et al., 1998) and inhibiting SAMDC (Balaña-

Fouce et al., 1986; Bitonti et al., 1986; Mukhopadhyay and

Madhubala, 1995a). QSAR studies using a series of cationic

diamidines showed that the inhibition of polyamine uptake

was proportional to the distance between the amino moieties

in the amidino substituents (Navas et al., 1996). Some early

studies suggested that the polyamine transport system drives

the influx of pentamidine into Leishmania promastigotes.

Damper and Patton (1976) described pentamidine uptake as

a saturable, carrier-mediated, high-affinity, energy-depend-

ent process which was inhibited by exogenous polyamines

in L. donovani and L. amazonensis promastigotes and

axenic amastigotes. Moreover, polyamine metabolism and

uptake were seen to be altered in pentamidine-resistant

promastigotes, whose permeability to putrescine and sper-

midine was lower than in wild-type promastigotes. How-

ever, further studies ruled out this possibility. In fact, more

than 50% of the pentamidine content of bloodstream T.

brucei was found to be transported by the P2 adenosine/

adenine transporter, whilst the remaining drug was taken up

by two unidentified carriers (de Koning, 2001). Procyclic

forms of these parasites can express a fourth specific

transporter not shared by polyamines. Along these same

lines, Basselin et al. (2000) working with L. amazonensis

promastigotes and axenic amastigotes, suggested that

although pentamidine inhibits polyamine uptake non-com-

petitively, since putrescine and spermidine have no effect on

pentamidine influx, polyamine transporters must not be the

mechanism for carrying pentamidine into the cells (Basselin

et al., 2002), a finding similar to what has been observed in

connection with berenil (Balaña-Fouce et al., 1991a). Unlike

T. brucei, Leishmania spp. have no functional equivalent to

the P2 adenosine/adenine transporter, from which it may be

deduced that the mechanisms involved differ from those

described in trypanosomes (Landfear, 2001).

Polyamine analogues are powerful competitive inhibitors

of polyamine influx. Bis(benzyl)polyamine analogues were

found to inhibit both the putrescine and spermidine/

spermine uptake systems in filarial worms (Muller et al.,

1991). When Mukhopadhyay and Madhubala (1993)

assayed these compounds in experimental L. donovani
infections, they were found to inhibit ODC and SAMDC

activities and deplete the intracellular levels of polyamines

(Mukhopadhyay and Madhubala, 1995b). They were also

successfully tested bin vitroQ against P. falciparum alone,

and in combination with DFMO and chloroquine (Bitonti et

al., 1989; Das et al., 1995), against T. cruzi (Majumder and

Kierszenbaum, 1993), and antimony-susceptible and resist-

ant strains of L. donovani (Baumann et al., 1990, 1991).

Other polyamine analogues that alter polyamine uptake

in cancer cells and should be tested with parasites are the

bis(ethyl)-derivatives of spermidine and spermine viz.

N1,N12-bis(ethyl)spermine, N1,N11-bis(ethyl)norspermine,

and N1,N14-bis(ethyl)homospermine. Several cancer cell

studies showed that these compounds strongly suppress

polyamines by down-regulating polyamine biosynthetic

enzymes as a result of the massive induction of SSAT

(Parry et al., 1995) and the increase in the excretion of

spermidine and N1-acetylspermidine to the medium (Pegg et

al., 1989). Unlike tumor cells, Trichomonas can be targeted

by these compounds but SSAT activity is significantly

inhibited, which is indicative of differences in the pathways

followed in parasite and host cells (Yarlett et al., 2000).

After successful testing in recent trials against T. cruzi

epimastigotes, a series of these compounds have a promis-

ing future as therapeutic drugs (Zou et al., 2001).

Some spermine/amino acid conjugates can inhibit the

uptake of spermidine by MDA-MB-231 breast cancer cells.

In combination with DFMO, they induce cytostatic growth

arrest in a variety of cancer cells, even when used in the

presence of an extracellular source of transportable spermi-

dine (Weeks et al., 2000; Burns et al., 2001).

N-acetyl derivatives of spermidine N1-acetylspermidine

and N8-acetylspermidine also competitively inhibit the

uptake of spermine, the latter more effectively. Moreover,

the above analogues inhibit one of the putrescine uptake

carriers, also competitively, suggesting the existence of a

common transporter for both putrescine and spermine.
7. Dietary polyamine deprivation

Polyamine blood levels are of great relevance in the

development of proliferative processes. Serum polyamines

may be the outcome of internal metabolism or, more

frequently, come from external sources such as dietary

habits or gut microflora. There is no evidence of polyamine

bioavailability from these external sources in healthy

animals, although they seem to be a major contributor to

the total body burden (Bardocz et al., 1995).

Polyamines contained in food or formed by intestinal

microflora are absorbed by specific carriers sited in the

mucosa of the small intestinal or colon and constitute the

most important source of blood polyamines. In the mid

1990s a new strategy was postulated, consisting in the

systematic blockade of all endogenous and exogenous

sources of polyamines bin vivoQ. It was proposed that
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administering a cocktail of polyamine biosynthesis inhib-

itors, along with non-absorbable antibiotics (neomycin and

metronidazole) to decontaminate the gastrointestinal tract, to

animals fed a low polyamine diet would inhibit proliferative

processes. Some promising results have been reported in

experimental and clinical trials. Treatment with a cocktail of

polyamine inhibitors and a polyamine-deficient diet pre-

vented tumor-induced immune suppression (Chamaillard et

al., 1997) in mice grafted with the 3LL (Lewis lung)

carcinoma, as well as pre-neoplasic changes in the intestine

of chemically-induced cancer of the colon in rats (Duranton

et al., 1997).

Nishimura et al. (2001) assayed this novel approach in an

experimental model for treating African trypanosomiasis.

Dietary polyamines were reduced by feeding rats a poly-

amine-deficient chow (PDC). The serum polyamine content

dropped in animals fed with PDC and with it the

proliferation of bloodstream trypanosomes. PDC arrested

trypanosome propagation and the symptoms of infection—

weight loss and anemia—improved considerably. Survival

was extended in these rats. These results show that

polyamine biosynthesis is insufficient to fully meet the

needs of parasites growing bin vivoQ, which seem to require

some outside source of these metabolites.
8. Concluding remarks

It was more than 8 years ago than the last review on

polyamine uptake was reported by Seiler et al. (1996) where

the authors claimed to the scientific community in this field

for the molecular characterization of polyamine transporters

in eukaryotic cells as the only way to determine the actual

role played by this system in cellular physiology. Much

effort has been made during this period in improving

molecular biology techniques, but despite this no genetic

sequence encoding a polyamine carrier in parasites has been

deposited in any major database. New genomic/proteomic

approaches can help to elucidate the physiological functions

of the genes/proteins induced in polyamine auxothrophic

cell lines, created by double-replacement techniques or

small interference RNA, which can act as polyamine

transporters in parasites, and to determine if they are

essential. Further, heterologous expression of cloned

cDNAs in Xenopus eggs will permit the functional

expression of those promising genes previously identified

as polyamine carriers and should establish the basis of their

future molecular characterization in parasites.

The integral regulation of polyamine metabolism and

uptake of each parasitic protozoa and its role played in the

host/parasite relationship will be crucial for the use and

design of polyamine-based drugs. To this goal will

contribute future studies on the three-dimensional struc-

tures of the polyamine carriers, which will encourage

QSAR studies based on the interaction of the inhibitor with

the transporter protein.
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Cloning expression and characterization of methionine adenosyltrans-

ferase in Leishmania infantum promastigotes. J. Biol. Chem. 277,

3158–3167.

Roberts, S.C., Jiang, Y., Jardim, A., Carter, N.S., Heby, O., Ullman, B.,

2001. Genetic analysis of spermidine synthase from Leishmania

donovani. Mol. Biochem. Parasitol. 115, 217–226.

Roberts, S.C., Scott, J., Gasteier, J.E., Jiang, Y., Brooks, B., Jardim, A.,

Carter, N.S., Heby, O., Ullman, B., 2002. S-adenosylmethionine

decarboxylase from Leishmania donovani. Molecular, genetic and

biochemical characterization of null mutants and overproducers. J. Biol.

Chem. 277, 5902–5909.

Roberts, S.C., Tancer, M., Jiang, J., Heby, O., Ullman, B., 2002. Polyamine

metabolism in Leishmania. Abstracts of the XIII molecular parasitology

meeting. Woods Hole.

Roberts, S.C., Tancer, M.J., Polinsky, M.R., Gibson, K.M., Heby, O.,

Ullman, B., 2004. Arginase plays a pivotal role in polyamine precursor

metabolism in Leishmania. Characterization of gene deletion mutants.

J. Biol. Chem. 279, 23668–23678.

Sakata, K., Fukuchi-Shimogori, T., Kashiwagi, K., Igarashi, K., 1997.

Identification of regulatory region of antizyme necessary for the

negative regulation of polyamine transport. Biochem. Biophys. Res.

Commun. 238, 415–419.

Sakata, K., Kashiwagi, K., Igarashi, K., 2000. Properties of a polyamine

transporter regulated by antizyme. Biochem. J. 347, 297–303.
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